A 3 y study on the wing polymorphism of carabid beetles living in various habitats was conducted in Ito, Shizuoka, Japan. The survey covered grasslands, copses and farmlands. Seven species were grassland specialists, four were woodland or copse specialists, one was found only in fallow paddies and six species were identified as generalists being caught irrespective of the kind of habitat. Wing dimorphism was found in Hemicarabus tuberculosus (Dejean et Boisduval), Cymindis daimio Bates and Pterostichus samurai (Lutshnik), all of which were grassland inhabitants. Macropterous forms of H. tuberculosus were found at a low proportion of 0.022 in the population, giving an estimate of 0.15 for the frequency of a presumed recessive allele determining macroptery. There was a tendency for macropterous males to be larger in body size compared with brachypterous ones. Three and one macropterous specimens were found in the 39 and 35 sampled specimens of C. daimio and P. samurai, respectively. The three dimorphic species were found mainly in volcanic grassland, which is burned every February. It was suggested that they are the inhabitants of unstable harsh habitats.
INTRODUCTION
Grasslands, which formerly occupied Ͼ10% of the total land area of Japan before the Second World War, presently occupy Ͻ3% of the total area due to the stoppage of grassland management (Imura and Shi, 2004) . Under a monsoon climate with abundant precipitation, it is very difficult to maintain grasslands without human intervention by cattle grazing or burning. Burning of grasslands had been practiced for a long time to produce fodder, thatch and firewood in rural areas. Draft animals, thatch and firewood were replaced with machines, tile-roofing and petroleum, respectively, after the Second World War. Consequently, grasslands dominated by the Japanese pampas grass, Miscanthus sinensis Anderss., now remain in fewer than ten places in Japan, and some of them are maintained by annual burning as a sightseeing resource for tourists (Maenaka, 2005) . This situation may endanger not only the continued existence of grasslands, but also grassland-inhabiting organisms, such as the carabid species. Out of a total of 393 insect species that were listed in the Red Data Book in 2000, 62 species, or 16%, are inhabitants of grasslands (Ishii, 2005) . Carabids, which may include many grassland specialists, deserve special attention when considering conservation (Holland and Luff, 2000; Rainio and Niemelä, 2003) . However, there have been few studies on the Japanese grassland carabid fauna compared with other habitats (Habu and Sadanaga, 1961 , 1963 , 1965 , 1969 Ishitani, 1996; Sota, 2000; Yahiro et al., 2001; Yano, 2002; Carabidological Society of Shiga, 2003; Ishitani et al., 2003; Yamazaki et al., 2003) .
To elucidate the characteristics of the grassland carabid fauna, we conducted surveys in grasslands, nearby woodlots, and fallow paddy fields.
MATERIALS AND METHODS
Study sites. This study was conducted from April through October in [2003] [2004] [2005] at an extinct volcano, Mt. Omuro (34°54ЈN, 139°5ЈE, 580 m in altitude, the last eruption being 3,700 y ago) and its surroundings, in Ito City, Shizuoka Prefecture (Fig.  1) . Japanese pampas grass dominated about 100 ha from half way up the mountain to its top, from 370-580 m above sealevel. The grassland was burned annually, and it was believed this had been practiced continuously for about 700 y (Editorial Committee for the History of Ike Village, 1985) .
The grassland of Mt. Omuro was covered with Japanese pampas grass over a 100 ha (site 1), and a small part of this grassland (site 2) has been mowed 2-3 times per year for the past 10 y as a landing site for paragliders (Table 1) . About 3.5 km of forest and roads are firebreaks encircling the foot of the grassland, with occasional interruptions by green zones planted as turf or mowed grasslands.
Site 3 was a small grassland (meadow) located next to a woodlot firebreak (site 4). Site 3 has been maintained exclusively by mowing 1-2 times per year, and the woodlot (site 4) was comprised of deciduous broad-leaved trees. Another woodlot on the coast of the Pacific Ocean (site 5) was composed of evergreen broad-leaved trees. Two coppiced woodlots (sites 6 and 7) of deciduous, broadleaved trees and a woodlot of Neolitsea sericea (Blume) Koidz. (site 8) that is owned and maintained by a shrine are located between the foot of Mt. Omuro and the coast of the Pacific Ocean. Three fallow paddy fields (sites 9 to 11) were sampled in the valley at the foot of Mt. Omuro. Various kinds of wild plants were growing in these sites and they were mowed 1-2 times per year (Table 1) .
Methods. Although pitfall catches are influenced by weather, ground vegetation and the behavior of carabids, pitfall traps are often the only method available for studies on carabid beetles (Briggs, 1961; Greenslade, 1964; Luff, 1987) . This method permits greater comparability when different operators work in different environments (Boscaini et al., 2000) and is cost-effective (Isono, 2005) .
White opaque plastic cups, 6.5 cm in diameter and 9.2 cm deep, with about five tiny holes for drainage were used as pitfall traps and placed in the soil 2-3 m apart from each other. Traps contained no bait and were replaced to collect beetles Table 1) .
The body length of collected adult beetles was measured (to the nearest 0.05 mm) from the front of the labrum to the elytral tip using a vernier caliper. A portion of the specimens collected in the fields was examined for wing form and length of hind wings, and macroptery or brachyptery was recorded. Hind wings were removed from the metathorax, attached to hard, white paper using a chemical paste, and measured from the base of wing to its most distal edge using a vernier caliper.
RESULTS
To avoid sampling errors, we report only those species for which Ͼ15 specimens were collected, although Table 2 includes six species of the genus Harpalus for which Յ15 specimens each were collected because only 13.5% of the 415 specimens collected were identified to the species.
Eighteen species of Carabidae with Ͼ15 specimens were classified into four groups (Table 2) ; grassland, coppiced woodland and fallow paddy specialists and generalists that were found in all habitats. Seven, four and one species of Carabidae were designated as specialists of grassland, coppiced woodland and fallow paddy (Table 2) . Of the seven grassland specialists, three were dimorphic for wing morphology and the remaining four were 464 H. YAMASHITA et al. macropterous. The dimorphic species were Hemicarabus tuberculosus (Dejean et Boisduval), Cymindis daimio Bates and Pterostichus samurai (Lutshnik). All woodland, fallow paddy and generalist species were monomorphic for wing type and 2/4, 1/1, and 4/6 species, respectively, were macropterous; the rest were brachypterous.
Of the 146 adults of H. tuberculosus, which were collected between April and October, 142 were in grasslands. Most of the specimens were trapped at site 2, the paraglider landing site. The female sex ratio was 0.33 (47/141), suggesting a propensity of males for falling into traps. Two males and one female were macropterous, with a ratio of macropterous of 0.022 (3/137), and the rest were brachypterous (Fig. 2) . The macropterous hind wings of the two collected males were 14.5 mm and 13.65 mm long and the brachypterous wings ranged from 1.85 to 3.25 mm (Fig. 3) . The hind wings of the collected macropterous female were deformed and could not be measured. Two macropterous males (body lengthϭ19.0 and 19.1 mm) tended to be larger than the brachypterous ones (mean body lengthϭ17.9 mm, Of 415 beetles, 56 were identified to the species and examined for wing form.
SDϭ0.7 mm, rangeϭ15.7 to 19.1 mm, nϭ47). However, this was not clear for females (19.0 mm in body length for macroptery; mean body lengthϭ19.2 mm, SDϭ0.8 mm, rangeϭ17.4 to 20.0 mm, nϭ11 for brachyptery).
We also discovered the population of C. daimio to be dimorphic in wing morphology. Of the 69 specimens collected, we were able to examine the wing morphology of 39 of them. The female sex ratio was 0.46 (18/39). All females were brachypterous, but three males were macropterous. These males had hind wings 7.55, 8.25 and 7.35 mm long; and all brachypterous wings were rudimentary. Forty-two beetles of P. samurai were collected in this survey (Table 2) . Of the 42 beetles, 35 were examined for wing form: one female was macropterous with a wing length of 12.75 mm long.
DISCUSSION
We found the existence of wing dimorphism in H. tuberculosus, C. daimio and P. samurai among the seven carabid grassland specialists in this study. Though a macropterous form of H. tuberculosus has not been reported so far (Sakurai et al., 1989; Kubota, 1995) , C. daimio has been known to be dimorphic; a macropterous specimen has been observed attracted to light (Habu, 1967) . P. samurai has also been known to have dimorphic wing morphology (Ueno et al., 1985) .
H. tuberculosus overwinters as an adult (Sakurai et al., 1989) , breeds in the spring (Sota, 2000) , and has one generation a year. This species is distributed in East Asia including Japan, Siberia, China and Korea (Ueno et al., 1985) . The bionomics of C. daimio and P. samurai remain to be known, but judging from their occurrence in time, they probably have the same life history as H. tuberculosus. The distribution range of C. daimio is almost the same as H. tuberculosus, but P. samurai is reported only in Japan (Ueno et al., 1985) .
H. tuberculosus, C. daimio and P. samurai are grassland-inhabiting species. H. tuberculosus is not a grassland specialist, and its habitats include thin pine stands, grasslands, flood plains and seashores, excluding closed forests (Sakurai et al., 1989; Kubota, 1995) . Yahiro et al. (2001) conducted a 4 y intensive survey on the distribution pattern of carabini ground beetles at 1,057 places in Shiga Prefecture, Japan. Of the 13 species discovered, two species, which were found almost exclusively in flood plains along the riverside, were Campalita chinense (Kirby) and H. tuberculosus. It was reported that wing form differed between the two species; macropterous for C. chinense and brachypterous for H. tuberculosus, with small population sizes at these sites (Sakurai et al., 1989; Kubota, 1995) .
Wing-dimorphic insects are excellent subjects for understanding the evolution of dispersal, because the non-dispersing brachypterous morph is easily recognized (Roff, 1986) . All carabid species exhibit habitat preferences, such as a preference for woodlands, grasslands, bare ground and so on. Carabid beetles include brachypterous and macropterous species, and wing polymorphic species (Lindroth, 1946; Den Boer et al., 1980; Desender, 1985; Kotze and O'Hara, 2003) . Polymorphic species are considered to be more tolerant of habitat disturbance than monomorphic species (Kotze and O'Hara, 2003) . In undisturbed habitats, the non-dispersing brachypterous forms are expected to be favored as compared to macropterous ones, and macropterous forms should become more difficult to find (Roff, 1986) . If there is a trade-off between reproduction and flying ability, utilization of disturbed habitats by wing polymorphism could be one of the best strategies.
Among the species of the subtribe Carabina inhabiting Honshu Island, the largest island in the Japanese archipelago, only Apotomopterous maacki (Bates) (Ogata, 1982) and Carabus granulatus (Kubota, unpublished) , in addition to H. tuberculosus, are dimorphic; whereas the other species in the subtribe are monomorphic, brachypterous species. The first two Carabina species live in disturbed environments such as peat bogs and along river beaches (Ogata, 1982; Ueno et al., 1985) , and it is considered that disturbance favors the persistence of species with wing dimorphism.
Wing dimorphism within a species is known in several genera of the Carabidae. Both macropterous and brachypterous forms are present in Calathus cinctus Motschulsky, C. melanocephalus (Linnaeus), and Pterosticus anthracinus Illiger (Lindroth, 1946; Aukema, 1995) . The two wing forms are inherited in a simple Mendelian fashion and the brachypterous trait is dominant (Lindroth, 1946; Aukema, 1995) . In contrast, a continuous variation in hind-wing size was observed in Pogonus chalceus (Marsham) and possibly determined by polygenes as a crossing experiment suggested (Desender, 1985) . Assuming that the wing dimorphism of H. tuberculosus is controlled by two alleles on one locus with the dominant trait being brachyptery, the frequency of the recessive allele representing macroptery is estimated to be (3/137) 1/2 ϭ0.15. Three carabid species, C. granulatus Linnaeus, Pterostichus melanarius (Illiger) and P. anthracinus (Illiger), were reported to exhibit wing dimorphism, and the macropterous form disperses by flying (Zalewski, 2004) . The proportion of macroptery was higher for lake island populations than for lakeshore (mainland) populations, 9.2% on islands and 2.9% on mainlands for C. granulatus, and 19.5% on islands and 2.3% on mainlands for P. melanarius (Zalewski, 2004) , indicating frequencies of an allele for macroptery of 0.304, 0.171, 0.441 and 0.151, respectively. Zalewski (2004) has suggested that the % macroptery of a dimorphic species is an indication of the evolutionary "youthfulness" of a population. Dispersive individuals may characterize expanding range fronts. Once most habitats in a region have been colonized, less dispersive forms may be favored if there is a trade-off between dispersal and reproduction. Thomas et al. (2001) examined two bush cricket species that had expanded their geographical ranges in Britain over the past 20 y, showing increased fractions of longer-winged (dispersive) specimens in recently founded populations. An increase in the frequency of long-winged forms of P. melanarius invading Canada has also been reported by Niemelä and Spence (1991) . The species was first reported from Edmonton in 1959, the proportion of macropterous specimens of this dimorphic species increased from about 20% in Edmonton to 60-70% in the most distant populations, 70 km east of Edmonton. This suggests that flight is a major mode of range expansion for these young populations.
Though we could not confirm the flight capability of macropterous H. tuberculosus due to the small number of macropterous specimens found, the estimated frequency of the macroptery allele of 0.15 was similar to that of mainland populations for the two carabid species studied by Zalewski (2004) . This might imply that the population of H. tuberculosus we studied is 'old' enough to have persisted for a long time and is able to reach a low % macroptery. Indeed, the grasslands at Mt. Omuro have been maintained by yearly burning for about 700 y.
The grasslands at Mt. Omuro extend over lava and have a steep slope, which creates flooding and erosive conditions when it rains heavily. Coupled with yearly burning, this topography gives rise to a mosaic of highly disturbed habitats. It is possible that the present ecological conditions (large habitat and continuous human intervention) at Mt. Omuro, which have persisted for more than 700 y, have maintained the wing dimorphism in these carabid species, and these populations are not on an evolu-tionary trajectory to monomorphic brachyptery.
